Lytic granule (LG)-mediated apoptosis is the main mechanism by which CTL kill virus-infected and tumorigenic target cells. CTL form a tight junction with the target cells, which is called the immunological synapse (IS). To avoid unwanted killing of neighboring cells, exocytosis of lytic granules (LG) is tightly controlled and restricted to the IS. In this study, we show that in activated human primary CD8 + T cells, docking of LG at the IS requires tethering LG with CD3-containing endosomes (CD3-endo). Combining total internal reflection fluorescence microscopy and fast deconvolution microscopy (both in living cells) with confocal microscopy (in fixed cells), we found that LG and CD3-endo tether and are cotransported to the IS. Paired but not single LG are accumulated at the IS. The dwell time of LG at the IS is substantially enhanced by tethering with CD3-endo, resulting in a preferential release of paired LG over single LG. The SNARE protein Vti1b is required for tethering of LG and CD3-endo. Downregulation of Vti1b reduces tethering of LG with CD3-endo. This leads to an impaired accumulation and docking of LG at the IS and a reduction of target cell killing. Therefore, Vti1b-dependent tethering of LG and CD3-endo determines accumulation, docking, and efficient lytic granule secretion at the IS. The Journal of Immunology, 2011, 186: 6894-6904. C ytotoxic T lymphocytes are considered key players in the immune response to eliminate tumorigenic or virusinfected target cells (1-5). CTL cytotoxicity is mainly mediated by exocytosis of lytic granules (LG) and the Fas pathway (6). To kill cognate target cells efficiently, CTL and target cells form a close connection, called the immunological synapse (IS), upon TCR engagement by matching peptide-MHC complexes (4, 7, 8) . Formation of the IS involves drastic morphological changes and cell polarization, which facilitates the stable physical contact between the two cells (4, 9) leading to CTL activation and target cell death (2). TCR are constitutively internalized and recycled back to the cell surface and are quickly enriched at the IS after its formation (10-12). This is necessary to recruit effector molecules and initiate downstream signaling that leads to target cell death (13, 14) .
C ytotoxic T lymphocytes are considered key players in the immune response to eliminate tumorigenic or virusinfected target cells (1) (2) (3) (4) (5) . CTL cytotoxicity is mainly mediated by exocytosis of lytic granules (LG) and the Fas pathway (6) . To kill cognate target cells efficiently, CTL and target cells form a close connection, called the immunological synapse (IS), upon TCR engagement by matching peptide-MHC complexes (4, 7, 8) . Formation of the IS involves drastic morphological changes and cell polarization, which facilitates the stable physical contact between the two cells (4, 9) leading to CTL activation and target cell death (2) . TCR are constitutively internalized and recycled back to the cell surface and are quickly enriched at the IS after its formation (10) (11) (12) . This is necessary to recruit effector molecules and initiate downstream signaling that leads to target cell death (13, 14) .
LG, which contain perforin and granzymes (15) , are transported, docked, and released at the IS and induce target cell apoptosis (2, 16, 17) . The directed secretion of LG is Ca 2+ dependent (18) , and it is critical to ensure the selective killing of a cognate target cell. Upon target cell recognition, CTL undergo large-scale rearrangements of the cytoskeleton. In NK cells, actin polymerization is required for receptor clustering, granule polarization (19) , and cytotoxic function (20) . The convergence of LG to the microtubule organizing center (MTOC) depends on dynein (21) , and myosin IIA is required for interaction of LG and F-actin as well as the subsequent release of LG (22) . In mouse CTL, the MTOC has even been shown to deliver LG to the IS by touching the plasma membrane (23) . There is currently substantial excitement in elucidating the molecular mechanisms of LG polarization to the secretory domain of the CTL-target contact zone (4, 24) . Jenkins et al. (25) have shown that the strength of the TCR signal is exceptionally important for LG accumulation at the IS, and Beal et al. (26) unmasked the kinetics of a short and long path of LG to the synapse.
The importance of CTL for the immune response is highlighted by life-threatening diseases: dysfunction of LG release is associated with familial hemophagocytic lymphohistiocytosis (FHL) or acquired hemophagocytic lymphohistiocytosis (27) (28) (29) . Among the known causes of FHL are mutations in perforin (FHL2) (27) , Munc13-4 (FHL3) (30) , syntaxin11 (FHL4) (31) , and Munc18-2 (FHL5) (32) . In addition, Vti1b and Vamp8 are important for the killing capacity of CTL (33) .
These diseases illustrate the importance of directed transport regulated by soluble N-ethylmaleimide-sensitive factor attachment receptor (SNARE) and/or SNARE-related proteins in targeting LG to the IS. SNARE proteins play a central role in budding, target selection, and fusion of intracellular compartments (34) (35) (36) . It has been reported that SNARE proteins are also involved in focal and multidimensional pathways of cytokine release in T cells (37) . The 36 mammalian SNAREs can be defined as either Q-(Qa, Qb, Qc or Qbc) or R-SNAREs, depending on which conservative residue the SNARE protein contributes at layer 0 within the four-helix bundle of SNARE complexes. SNARE proteins mediate membrane fusion in all trafficking steps of the secretory pathway. Prior to fusion, SNAREs on opposing membranes are able to form four helix bundles that lead to a tight connection of vesicular and target membranes (36) .
We report that tethering (or pairing) of LG and CD3-containing endosomes (CD3-endo) is required for the enrichment, docking, and release of LG at the IS, which is needed for CTL-dependent target cell killing. In addition, we unmask that LG/CD3-endo tethering requires the Qb-SNARE protein Vti1b.
Materials and Methods

Abs and reagents
All chemicals not specifically mentioned were from Sigma (highest grade). The reagents used in our experiments include Alexa 488 -labeled anti-CD3 mAb (UCHT1; Biolegend), Alexa 647 -labeled anti-CD3 mAb (UCHT1; Biolegend), Alexa 647 -labeled anti-perforin mAb (dG9; Biolegend), FITClabeled anti-perforin mAb (dG9; ImmunoTools), Alexa 568 goat anti-rabbit secondary Ab and Alexa 568 goat anti-mouse secondary Ab (Invitrogen), rabbit polyclonal anti-Vti1b Ab (Synaptic Systems), anti-Vti1b mAb (BD Biosciences), Alexa 488 -labeled transferrin (Invitrogen), anti-g-tubulin Ab (Sigma), and anti-GM130 Ab (BD Biosciences). For total internal reflection fluorescence (TIRF) microscopy, the Abs against human CD3 (BB11; Euroclone) and CD28 (BD Biosciences) were used for coating the coverslips.
Construction of cDNA
Perforin, Rab5, Rab7, and Rab11 were amplified from human cDNA. Perforin was ligated to mCherry at the C terminus and then purified. Rab5, Rab7, and Rab11 were ligated to mCherry at the N terminus and then purified. The mCherry construct was obtained as a gift from Roger Tsien (Howard Hughes Medical Institute, University of California, San Diego, La Jolla, CA). Perforin-mCherry overlapped with the perforin-Ab staining (Supplemental Fig. 3A) , indicating that the mCherry fluorescence was contained in LG (38) . The g-tubulin-GFP construct was a kind gift from Alexey Khodjakov (Wadsworth Center).
Cell culture and nucleofection of CD8 + T cells
Research carried out for this study with human material has been approved by the local ethics committee. Human PBL were obtained from healthy donors as described previously (39) . PBL were stimulated with staphylococcal enterotoxin A (SEA; 5 mg/ml) at a density of 1 3 10 8 cells/ml at 37˚C for 1 h and then were resuspended at a density of 2 3 10 6 cells/ml in AIMV medium (Invitrogen) supplemented with 10% FCS and 100 U/ml recombinant human IL-2 (Biosource). After 5 d, SEA-specific CTL were positively isolated using a Dynal CD8 positive isolation kit (Invitrogen). Purified SEA-specific CTL were maintained in AIMV medium supplemented with 10% FCS and 100 U/ml recombinant human IL-2 (Invitrogen). The CTL were used for experiments 2-3 d after the positive isolation. To introduce constructs or small interfering RNA (siRNA) into CTL, CTL were nucleofected using Human T Cell Nucleofector Kit (Lonza) and Nucleofector II (Lonza).
Generation of CMV-derived epitope-specific CD8 + bulk CTL PBMC obtained from a CMV + donor were isolated by Ficoll-Paque PLUS separation (GE Healthcare Bio-Sciences AB, Uppsala, Sweden), and the CD8 + T lymphocytes were magnetically enriched using CD8 MicroBeads according to the supplier's protocol (Miltenyi Biotec, Bergisch Gladbach, Germany). The nonamer peptide spanning the amino acid sequence of the pp65 Ag derived from the human CMV from aa 495 to aa 503 is in general known as an epitope inducing strong CTL immune responses in the context of HLA-A*0201. Peptide p495-503 was synthesized following the Fmoc/ tBu strategy as described by others (40) . Purity was .85% as assessed by HPLC and mass spectrometry. The peptide was dissolved in a mixture of water and DMSO. For in vitro priming, the CD8 2 cells were suspended in serum-free X-Vivo medium (Lonza, Verviers, Belgium) supplemented with 2 mM L-glutamine (Life Technologies, Invitrogen, Karlsruhe, Germany) and 1% penicillin/streptomycin (Life Technologies) and pulsed with peptide p495-503 (2 mM, 37˚C, 1.5 h). Thereafter cells were washed, irradiated with 30 Gy, and resuspended in X-Vivo medium with 10% human AB serum and served as APC. The same number of CD8 + T cells were coincubated as prospective effector cells. At days 7 and 14, the CD8 + effector cells were restimulated using peptide-pulsed CD8
2 APC under identical conditions. At day 14, specificity of the stimulated effector cells was assessed by IFN-g segregation using an ELISPOT assay as described previously (41) .
Establishment of epitope-specific CD8 + T cell clones
Responding T cells were isolated out of the bulk population by IFN-g-based magnetic cell enrichment using a cytokine-secretion assay (Miltenyi Biotec) and cloned by limiting-dilution culture, following a protocol described by zum Büschenfelde et al. (42) . Specifically reacting CD8 + clones were expanded by restimulation performed after 14 d under identical conditions. Cytotoxicity of CD8 + T cells from CTL clone KL-1/#35 against peptide-pulsed and Cr
51
-labeled T2 target cells was assessed using a chrome release assay as described previously (41) .
Establishment of lymphoblastoid cell lines
Lymphoblastoid cell lines were established from PBMC of an HLA-A*0201 expressing donor by incubating 1 3 10 7 PBMC in RPMI 1640 medium containing 15% FCS and supplemented with cell-free supernatant of a mitogen-activated culture of B 95-8 cells containing high titers of EBV. Growing clones were expanded by splitting the cultures in corresponding intervals using RPMI 1640 medium with 10% FCS. All lymphoblastoid cell lines used for this study strongly expressed HLA-A2 molecules as assessed by flow cytometry.
Confocal microscopy and immunocytochemistry
Raji cells were pulsed with 10 mg/ml SEA at 37˚C for 30 min. CTL were incubated with Alexa 488 -labeled anti-CD3 mAb at 37˚C for 30 min to label CD3-endo. CTL were mixed 1:1 with Raji cells and plated on poly-ornithine-coated glass coverslips and incubated at 37˚C for 30 min (if not specifically mentioned in the figure legends). Samples were then fixed with ice-cold 4% paraformaldehyde for 20 min and processed for immunocytochemistry.
LG were labeled with Alexa 647 -labeled anti-perforin mAb dG9. Polyclonal rabbit Vti1b Ab was used to stain endogenous Vti1b. Golgi was labeled with anti-GM130 Ab. Alexa 568 -labeled goat anti-rabbit or goat anti-mouse secondary Abs were used accordingly. Then the samples were washed, mounted, and kept at 4˚C until scanning. Confocal microscopy was carried out on a Nikon E600 using a 3100 objective. Serial confocal z-sections were taken at 0.2-mm intervals for whole-cell analysis. ImageJ 1.37v software was used to generate merged images and projections of confocal sections.
Epifluorescence deconvolution microscopy and time-lapse imaging
Four-dimensional (4D) fluorescence microscopy was performed with a Zeiss Cell Observer HS system with a 3100 a Plan-Fluar Objective (N.A. 1.45) and an AxioCam MRm Rev. 3. To acquire the images as fast as possible, the cells were scanned with binning 3 3 3 and a z step size of 1 mm. For fixed cells, images were acquired with binning 1 3 1 and a z step size of 0.2 mm. Constrained iterative deconvolution was performed using a point spread function calculated with the z-stack acquisition from 170-nm yellow-green, orange, or deep-red fluorescent beads (PS-Speck; Invitrogen) using 30-40 iterations.
Evanescent-wave imaging and TIRF-based exocytosis
The TIRF setup was as described previously (43) with the following additions: a solid-state laser 85 YCA emitting at 561 nm (Melles Griot), a dualview camera splitter (Visitron) to separate the red and green channels, and a Visichrome Monochromator (Visitron) to acquire images in epifluorescence. Human CTL overexpressing perforin-mCherry were settled for 2 min on anti-CD3/anti-CD28 Ab-coated coverslips. Cells were imaged for 30 min by TIRF microscopy. Following each TIRF image, three images were acquired as epifluorescence stacks with a z step size of 0.5 mm, the first epifluorescence plane being at the same plane as that of TIRF microscopy. The acquisition speed was 1 Hz, and the exposure time was 100 ms.
The movement of a single granule was monitored as follows: Metamorph version 6 .3 was used to analyze the movement/secretion of LG at the IS. Every slice of the TIRF video after background correction was checked carefully for secretion (meaning to check if vesicle fluorescence was lost in the TIRF picture). The time interval between each slice of the TIRF video was 1 s, and within that 1 s three images in epifluorescence were also taken at different planes. One second of one experiment therefore generated four time-lapse movies, one being at the TIRF plane and another epifluorescence image in the same plane. The other two epifluorescence images were taken at one or two planes higher than the first plane (step size was 500 nm). When a vesicle that was present in one slice disappeared in the next slice (1 s later), a region of interest was made circling that particular vesicle just before it disappeared. The same region of interest was copied and pasted onto the three epifluorescence images. If the vesicle had been secreted, it did not appear in any of the subsequent epifluorescence images. However, if the vesicle had moved back into the cytosol, then it did appear 1 s later in either one of the two planes that are higher than the TIRF plane.
siRNA treatment SEA-specific CTL were transfected with siRNA using a nucleofector kit (Lonza) according to the manufacturer's instructions. The following siRNAs were used: vti1b siRNA [VTi1B_8_4479, Qiagen; modified by Qiagen as described by Mantei et al. (44) ], stx11 siRNA (1642453; Qiagen), and stx6 siRNA (L-017164-00; Dharmacon). A modified nonsilencing siRNA (Qiagen) was used as control.
Quantitative real-time polymerase chain reaction
Quantitative real-time PCR (qRT-PCR) was carried out in a MX3000 instrument from Stratagene. Primers were designed using the Primer3 program (45) available at http://frodo.wi.mit.edu/. PCR fragments were confirmed by sequencing (MWG). Expression of vti1b was normalized to the average expression of the housekeeping genes RNA Polymerase II, TATA box-binding protein, and ARF1.
Western blot CTL were collected 36 h after siRNA transfection. Equivalent amounts of proteins were separated by 12-14% SDS-PAGE and transferred to nitrocellulose membrane using a transblot electrophoresis transfer cell (Fisherbrand). ECL reagent (Amersham) was used for immunoblot detection.
Single-cell Ca 2+ imaging Ca 2+ imaging was performed as described in Ref. 43 . Raji target cells were pulsed with 10 mg/ml SEA at 37˚C for 30 min, washed twice, and resuspended in Ca 2+ Ringer's solution. Raji cells were added to the chamber at t = 0 s onto the CTL. Ca 2+ signals were analyzed of CTL that showed a clear contact with a target cell in infrared images. Control experiments were performed after addition of Raji cells not pulsed with SEA.
Cytotoxicity assay
The CytoTox 96 Non-Radioactive Cytotoxicity Assay (Promega) was used to detect target lysis. CTL were plated in 96-well plates in AIMV medium (5% FCS) with 1 3 10 4 SEA-pulsed Raji target cells at various effector/ target ratios. CTL and target cells were incubated at 37˚C for 4 h, and then the lactate dehydrogenase activity in the supernatant was measured. The cells were pelleted at 200 3 g for 4 min. Then, 50 ml supernatant was taken from each well and incubated with the reaction substrate for 30 min at room temperature. The absorbance was measured at 490 nm with the GENios Pro plate reader (TECAN). Cytotoxicity was calculated with the following equation: % cytotoxicity = (experimental -effector spontaneoustarget spontaneous)/(target maximum -target spontaneous) 3 100. All cytotoxicity assays were done in triplicate.
LG accumulation analysis
The analysis of LG accumulation was performed with Metamorph version 6.3. The raw data stacks were first corrected for background, and then a threshold value was set for every cell such that only the pixels above a given fluorescence intensity that mark the LG were selected. The value of the pixels defined as the threshold area was obtained for every frame of the time lapse video for each individual cell. Because of difficulties in tracking every single vesicle for all the cells, a ratio was made between the threshold area and number of vesicles for a minimum of three frames for every cell. The area threshold was then divided by this ratio for all the time frames to get the number of vesicles for each frame. The average of the number of vesicles was then plotted against the time in seconds.
Automated analysis of pairing
It was performed with AxioVision (Carl Zeiss). First, the three-dimensional reconstruction was generated from the whole stack for each sample. Afterwards, the boundaries of LG (or CD3-endo) were automatically defined by the Measure 3D with the default threshold. Then the following parameters were obtained (by Selective 3D Measurement): the x, y, and z coordinates of the center of gravity of the granules/vesicles, as well as the length of the major axis of the granules/vesicles. The distance (D) of LG and CD3-endo was calculated (center to center) as follows:
]. The distances of each LG to all the CD3-endo were calculated. Then D was compared with the sum of major axis of the corresponding LG and CD3 endosome (
LG is considered to pair with the corresponding CD3 endosome. No matter how many CD3-endo the LG is paired with, this LG is counted only once as a paired LG. The pairing rate is calculated as: (number of paired LG/number of total LG) 3 100%.
For TIRF images, pairing was examined in two dimensions. The distance (D) of LG and CD3-endo was calculated (center to center) as follows:
. The distances of the afterward released LG to all the CD3-endo were calculated. Then D was compared with the sum of major axis of the corresponding LG and CD3 endosome
LG is considered to pair with the corresponding CD3 endosome.
Computation of the pairing probabilities for random vesicle configurations
We implemented a Monte Carlo algorithm to generate stochastically vesicle configurations within a given volume. The test volume was a spherical shell with inner radius r i reflecting the large nucleus of the cell (which has to be excluded as an area of vesicle location) and outer radius r a . Generally, we set for a given outer radius r a the inner radius to r i = 0.8 r a , which is from our experience an upper limit for the size of the nucleus (if we assume a smaller nucleus, the random pairing probability would be even smaller). We performed several simulations with different outer radii r a between 4 mm and 6 mm and different radius R of the individual vesicles (green for CD3-endo and red for LG) between 0.1 mm and 0.5 mm. The number of CD3-endo, N, was varied from 1 to 60, and the number of LG, M, was fixed to be 18, which is the average number of LG that we measured in resting CTL. The random pairing probability for LG depends of course on the number of CD3-endo N but not on the number of LG M (which means that results are independent of the number of LG we assume for the simulation). For each parameter set (r a , R, N) the probability for a LG to pair with one of the N CD3-endo was calculated by stochastically generating a large number (100,000) of green and red vesicle configurations within the allowed volume.
This was done by using a pseudo-random number generator (ran3.c from Ref. 46 ) to generate spatial coordinates (x,y,z) of the vesicle centers with 0 , x , r a , 0 , y , r a , and 0 , z , r a . The N coordinates (x n ,y n ,z n ) (n = 1,…, N) of the CD3 endosome centers were accepted if they were within the allowed spherical shell, that is, r i 2 , x n 2 + y n 2 + z n 2 , r a 2 and the corresponding vesicles with radius R were non-overlapping, that is, (x n 2 x m ) 2 + (y n 2 y m ) 2 + (z n 2 z m ) 2 . (2R) 2 for all pairs (n,m) of vesicle coordinates. After the construction of a feasible CD3 endosome configuration, the LG coordinates were generated in the same way. This gave one allowed vesicle configuration sample, which was tested for pairing: for each LG with coordinates (x,y,z), we tested whether there was at least one CD3 endosome with coordinates (x9,y9,z9) with (
The number of paired LG divided by the total number of LG gave the pairing probability for the specific sample under consideration; averaging this number over 100,000 samples gave the estimate for the pairing probability for the given set of parameters (r a ,R,N) and its statistical error via mean square deviation from the mean. The latter was smaller than the point size in Supplemental Fig. 1B-D . The percentage of paired LG is 100 times this pairing probability.
The compartment model
The changes of the different populations are described by
where SM is the single LG in proximity to the IS; PM is the paired LG in proximity to the IS; S is the single LG in the rest of the CTL; P is the paired LG in the rest of the CTL; and R is the released LG. For fixed rate constants k 1 ,…, k 6 , equations 1-5 were numerically integrated using a fourth order Runge-Kutta method, and the rate constants were then fitted to give the best agreement between the predicted time evolution of the vesicle populations with the measured experimental data.
Data analysis
Data were analyzed using ImageJ 
Results
CTL polarization: MTOC relocalizes toward the IS in human CTL
Polarization of organelles and molecules is a key process during formation of the IS. The MTOC and Golgi apparatus have been shown to relocalize to the IS (4, 47, 48). As cytoskeletal structures and the MTOC are critically involved in LG delivery to the IS (19, 23), we confirmed their polarization in CTL under our experimental conditions. Fig. 1A shows polarization of the MTOC and Golgi toward the IS in activated primary human CD8 + T cells. Seventy-seven percent of the cells (n = 25) showed a clear polarization of the MTOC and Golgi to the IS, where polarization was defined as accumulation within a segment encompassing one third of the cell's diameter and thus representing 25.9% of the cell volume (Fig. 1B) . Our findings are similar to the data obtained by Stinchcombe et al. (23) in mouse CTL and by Orange et al. (19) in NK cells and confirm cytoskeleton-dependent polarization in CTL. Live cell imaging revealed the kinetics of MTOC translocation toward the IS within the first few minutes after target cell contact in 96% of the analyzed cells (n = 50) (Fig. 1C) . To visualize the MTOC localization directly at the IS, we used TIRF microscopy, which allows exclusive visualization of fluorescence within 200 nm of the IS. A functional IS was formed between CTL and anti-CD3/anti-CD28 Ab-coated glass coverslips (43) . As expected, we observed accumulation of LG at the IS in the TIRF plane over extended times, indicating stable LG docking, which is defined as the close apposition of organelles at the plasma membrane of the IS (35, 36) . However, we did not usually observe the appearance of the MTOC in the TIRF plane in human CTL during the whole experiment (8 of 11 cells). Rather, we regularly observed the MTOC in the epifluorescence picture taken 0.5 mm away from the IS (Fig. 1D) . These experiments suggest that, in contrast to the electron microscopy experiments in mouse CTL, in which the MTOC has been shown to touch the plasma membrane to deliver LG to the IS (23), in human CTL, the MTOC is unlikely to be involved in the docking of LG at the plasma membrane at the IS. To understand how LG could potentially dock at the plasma membrane within the IS, we designed experiments to analyze the transport and subcellular localization of LG in CTL after target cell contact.
LG are tethered with TCR-containing endosomes Confocal microscopy was used to investigate CTL with and without target cell contact.
LG were stained with the anti-perforin Ab dG9, which labels only mature perforin. CD3 was used as a marker to examine TCR enrichment at the IS. Analyzing the localization of
LG and CD3-endo in more detail, we were surprised to find that many LG and TCR were localized next to each other in resting (no target cell) and activated (with target cell contact) CTL (Fig. 2A) . We refer to this close apposition of LG and TCR as being paired or tethered.
To distinguish whether LG are tethered with newly synthesized CD3 or already existing CD3, we labeled membrane and endocytosed CD3 with Alexa 488 -conjugated anti-CD3 Ab by a 30-min preincubation of the living cells. The Alexa 488 -conjugated anti-CD3 Ab was not dissociated from CD3 molecules after being internalized because we observed a perfect colocalization between the internalized Alexa 488 -conjugated anti-CD3 Ab and the Alexa 647 -conjugated anti-CD3 Ab staining after the fixation of the cells (Supplemental Fig. 1A ). After T cell-target cell contacts were formed, prelabeled CD3 molecules and LG were enriched at the CTL-target cell contact over time (Fig. 2B) , indicating that this labeling method does not compromise IS function. At all time points during IS formation, the tethering between LG and CD3-endo was observed (Fig. 2B, insets) .
Because the concept of tethering has not been described for these different intracellular components, we designed experiments to examine this process rigorously. First, we analyzed the subcellular localization of LG and CD3-endo in a rather physiological scenario using in vivo-activated primary human CTL. We repeated the experiments with a CMV-specific T cell subpopulation enriched from donors. Again, we found that many LG and CD3-endo were localized next to each other in resting and conjugated CMV-specific FIGURE 1. MTOC does not directly mediate LG docking at the plasma membrane. A, MTOC and Golgi apparatus are polarized to the IS. CTL were incubated with SEA-pulsed Raji cells at 37˚C for 30 min and fixed with ice-cold 4% paraformaldehyde. MTOC was labeled with g-tubulin-GFP. Golgi was labeled with anti-GM130 Ab. The samples were analyzed by epifluorescence deconvolution microscopy. Scale bar, 3mm. B, Quantification of MTOC polarization in conjugated CTL. The region from the contact interface up to one third of the diameter of the CTL was defined as proximity to the IS (P). MTOC was considered to be polarized when MTOC was present in region P. C, Time-lapse imaging of MTOC translocation to the IS. MTOC was labeled as described in A. Target cells were prepulsed with SEA and were additionally loaded with fura 2-AM to identify them (pseudocolored in red). Live cell imaging was carried on at 37˚C, with 5% CO 2 . Scale bar, 10 mm. D, MTOC is polarized to the IS but does not directly contact the plasma membrane. MTOC was labeled as described in A. Perforin-mCherry was used to label LG. Glass coverslips were coated with anti-CD3/anti-CD28 Ab. Epifluorescent images were taken both at the TIRF plane and 0.5 mm above the TIRF plane. Scale bar, 3 mm. CTL, the latter of which were conjugated with CMV-peptide loaded B cells (Fig. 2C) . We conclude that tethering between LG and CD3-endo is a common feature of primary human CTL. An automated analysis of pairing was performed, and the statistical analysis of tethering between LG and CD3-endo shows a very high percentage ranging from 60 to 90% for superantigen or CMV-Ag activated CTL (Fig. 2D) .
Because LG and CD3-endo could also pair in a random manner, we performed a Monte Carlo simulation (as described in Materials and Methods) to estimate how high the random pairing should be. Depending on the parameters chosen for the simulation (for instance, radius of the cell = 5 mm), random pairing was usually much smaller than 40% (Supplemental Fig. 1B-D) .
Second, to exclude the possibility of colocalization between LG and CD3, LG and CD3 were each stained with two different Abs, and their localization was analyzed by epifluorescence deconvolution microscopy ( Fig. 2E and Supplemental Fig. 1E-H) . Fig. 2E depicts the double staining of CD3 with Alexa 647 -and Alexa 488 -conjugated anti-CD3 Abs (Fig. 2Ei) , the double staining of LG with Alexa 647 -and FITC-conjugated anti-perforin Abs (Fig. 2Eii) , and the two different combinations of single labeling of LG and CD3 (Fig. 2Eiii, 2Eiv ). As expected, the double staining of only CD3 (Fig. 2Ei) or only LG (Fig. 2Eii) showed a clear colocalization. However, the two separate staining conditions of LG and CD3 (Fig. 2Eiii, 2Eiv ) did not show colocalization but instead showed pairing of LG and CD3. We conclude that LG tether with CD3 and are not colocalized in the same compartment.
Third, to check whether the pairing between CD3-endo and LG was specific for CD3-endo, we compared the localization of LG and endocytosed transferrin receptors as a control. Transferrin is recycled through the constitutive recycling pathway (49, 50) . Using Alexa 488 -conjugated transferrin to label recycling transferrin receptors (TfR), we observed only infrequent pairing between LG and the endocytosed TfR (Supplemental Fig. 2A) , which was on average ,30% in contrast to the 80% pairing between LG and CD3-endo (Supplemental Fig. 2B ). Some TfR vesicles have been shown to colocalize with CD3-endo (12) . We suggest that the few TfR vesicles, which were tethered with LG, might share common features with CD3-endo or were randomly paired.
To characterize CD3-endo paired with LG, we analyzed paired CD3-endo with the established endosomal markers Rab5 (early endosome), Rab7 (late endosome), and Rab11 (recycling endosome). We found that 50.9 6 5.0%, 51.6 6 6.4%, and 37.4 6 5.2% of paired CD3-endo are colocalized with Rab5, Rab7, and Rab11, respectively (Supplemental Fig. 2C ), which suggests that CD3-endo can be paired with LG at all intracellular trafficking steps. It has been reported that Rab5 and Rab7 may overlap at some stage (51) . Therefore, it is not surprising that the sum of percentage of paired CD3-endo, which were colocalized with Rab5, Rab7, and Rab11, is .100%. This may indicate that CD3-endo are also paired with LG at intermediate transition states. Additionally, we characterized the total CD3-endo population with the endosomal markers. As shown in Supplemental Fig. 2D , CD3 was partially colocalized with Rab5, Rab7, and Rab11. The Mander's correlation coefficients (M1: Rab in CD3) ranged from 0.31 to 0.35, indicating that after internalization, CD3 was transported to early, late, and recycling endosomes, and each type of endosome represents about one third of the total CD3-endo population.
To analyze the accumulation of LG at the IS in detail, we quantified the localization of single and paired LG at various time points after target cell recognition using the same cell partitioning as in Fig. 1B . We found that paired LG were significantly enriched at the IS up to ∼90% over time compared with resting conditions, whereas no significant change in the localization of single LG was observed (Fig. 2F) . These results imply that the probability of LG accumulation at the IS was increased by pairing LG with CD3-endo.
Fitting the data according to the compartment model (compare also in the Discussion) revealed that the rates of vesicle transport have to change between 5 and 10 min after synapse formation. The following rates were used to fit the data assuming a linear crossover from the rates at 5 min to the ones at 10 min (Table I) . The LG release rate k 6 varies from 0.25 to 0.2 min 21 , implying a mean release time of 4-5 min for paired LG (Table I) . LG were labeled with Alexa 647 -labeled antiperforin mAb in ii and iv, as well as FITC-labeled antiperforin mAb in ii and iii. Images were acquired with the Zeiss Cell Observer and were deconvolved. F, LG in proximity to the IS were analyzed at different time points after CTL contact with the target cell. Scale bars, 3 mm. n . 20 cells were analyzed for each condition. **p , 0.01, ***p , 0.001.
The model could only fit the data well if the transport rates k 1 to k 6 were changed between 5 and 10 min after target cell recognition. The model also shows that 10 min after target cell contact, the LG/CD3-endo pairing rate k 2 increases by a factor of four compared with the early IS formation phase (i.e., the first 5 min after CTL-target cell contact); and also k 3 , the rate of transport of paired LG to the IS, increases by a factor of four. In contrast, the rates k 4 and k 5 for the transport of single LG toward and away from the IS, respectively, remained unchanged. The model also predicts that 10 min after target cell contact, new LG are generated, as k 1 is increased. Up-to-date imaging approaches, without modifying the endogenous proteins, still cannot measure the LG generation in vivo. Our model reveals that after CTL form a contact with target cells, new LG are generated (k 1 . 0) to refill the cytotoxic granule pool and compensate for the released LG.
Finally, the model shows that LG can be released even at the early stage of IS formation, as k 6 = 0.25 min 21 and .4 paired vesicles at the IS imply the release of at least one LG per minute. Thus, our data and model predict that CTL can kill efficiently within a few minutes by the LG/CD3-endo pairing mechanism, which guarantees the rapid and efficient accumulation of LG at the IS.
Visualization of LG/CD3-endo transport to the IS by 4D imaging
To exclude that tethering between LG and CD3-endo is an artifact introduced by fixation, we visualized the movement of LG and CD3-endo in living cells using fast 4D fluorescence microscopy. CD3-endo were labeled with an Alexa 488 -conjugated Ab against CD3, and LG were labeled by overexpressing perforin tagged with mCherry (perforin-mCherry). Perforin-mCherry colocalized very well with the dG9 anti-perforin Ab, indicating its correct localization in perforin-containing LG (Supplemental Fig. 3A) . Paired LG/CD3-endo were cotransported to the IS formed between CTL and the target cell (located in Fig. 3A , lower right corner) and Supplemental Video 1). After LG/CD3-endo pairs reached the IS, .80% of these LG/CD3-endo pairs remained at the IS for .30 s. In some CTLs, single LG were also transported to the IS. However, 30 s after approaching the IS, only 20% of these single LG still remained at the IS (Fig. 3B) . These data illustrate that LG/ CD3-endo pairs can be transported together, and paired LG can reside longer at the IS than single LG. This implies that the interaction between LG and CD3-endo increases the dwell times of LG at the IS, suggesting that the tethering might be important for docking of LG at the IS.
TIRF microscopy reveals the functional importance of LG/ CD3-endo pairs for LG docking and release
To confirm further LG/CD3-endo pairing and test its functional importance at the IS, we analyzed LG and CD3-endo by TIRF microscopy, which allows exclusive visualization of granules within 200 nm of the IS. To apply TIRF microscopy, a functional IS was formed between CTL and anti-CD3/anti-CD28 Ab-coated glass coverslips. The immobilized anti-CD3/anti-CD28 Abs induce a functional IS between coverslip and CTL, because Ca 2+ influx was initiated (43), cell polarization was induced (Fig. 1D) , actin accumulated at the IS and segregated into a ring like structure (A. Quintana, C. Junker, and M. Hoth, unpublished observations), and LG were secreted (see later). We used anti-CD3/anti-CD28 coating instead of only anti-CD3 because we found a better LG accumulation with costimulation. We found that most LG reached the IS while being paired to CD3-endo ( Fig. 4A and Supplemental Video 2), which is in agreement with our data from live-cell imaging and the confocal microscopy. Comparing the dwell times of paired and single LG at the IS, we found that paired LG remained significantly longer at the IS than single ones (Fig. 4B) , which is in agreement with Fig. 3B . To assess the influence of pairing on LG release, we established an assay to analyze the exocytosis of LG with TIRF microscopy ( Fig. 4C and Supplemental Video 3). In addition to the TIRF plane, three consecutive epifluorescence images in the z-dimension were acquired to resolve areas of the cell with greater distance from the IS. A vesicle disappearing from the TIRF plane was thus classified as secreted if it could not be seen in the other planes at the corresponding position (Supplemental Fig. 3B) . A vesicle that moved from the TIRF plane to the adjacent planes was classified as www.jimmunol.org having moved back from the IS into the cytosol (Supplemental Fig. 3C ). In addition, we used a LAMP-1 degranulation assay similar to that of Ref. 33 to test TIRF-based LG exocytosis. Anti-CD3/anti-CD28 Ab coating used for TIRF experiments can efficiently induce vesicle release comparable with that of studies using other stimuli (52, 53) . Using the TIRF approach, we quantified the average dwell times of the secreted and nonsecreted LG. Dwell times of secreted LG were drastically increased compared with the dwell times of nonsecreted LG implying that secreted LG were docked at the plasma membrane before their release (Fig. 4D) . Dwell times of LG/CD3-endo pairs were similar to those of secreted LG, whereas the dwell times of single granules were comparable with the dwell times of nonsecreted LG (compare Fig. 4B and 4D ). This suggests that mainly paired LG were secreted. To test this hypothesis more directly, we compared the release of paired and unpaired LG. Pairing was analyzed again using the described automated routine. Fig. 4E illustrates the release of a paired LG (see also Supplemental Video 4). On average, 88% of the released LG were paired (Fig. 4F ) and within the first 7 min of IS formation, all secreted LG were paired with CD3-endo. We therefore conclude that the pairing of LG with CD3-endo is responsible for enhancing their dwell times at the IS, which very likely represents vesicle docking, a prerequisite to increase their release efficiency.
The SNARE protein Vti1b is involved in the tethering between LG and CD3-endo An important question is which molecules mediate the tethering between LG and CD3-endo. Because proteins of the SNARE superfamily play a central role in budding, target selection, and fusion of intracellular compartments (34-36), we analyzed their potential involvement in LG/CD3-endo tethering. We screened many different SNARE proteins for their subcellular localization and found that the Qb-SNARE protein Vti1b is specifically colocalized with both LG and CD3-endo and accumulates at the IS after CTL contact with target cells (Fig. 5A) , suggesting that Vti1b might play a role in pairing of LG with CD3-endo.
We tested the importance of Vti1b using RNA interference technology. A recently reported modification of siRNA can efficiently downregulate protein expression in primary T cells (44) . Introducing this modification into Vti1b-siRNA, we were able to efficiently downregulate Vti1b in activated primary human CD8 + T cells as confirmed by qRT-PCR (Fig. 5B) and Western blot (Fig.  5C ) compared with control siRNA. Vti1b downregulation correlated with a decrease of the LG/CD3-endo pairing rate. The number of paired LG was reduced in Vti1b downregulated CTLs by 50% compared with control CTL, and the number of single LG was increased accordingly (Fig. 5D, 5E ), whereas the total number of LG (Fig. 5E ) and CD3-endo (Supplemental Fig. 4A ) remained unchanged. To examine whether the tethering is particularly Vti1b-dependent, we analyzed the potential role of another SNARE protein, syntaxin 11 (Stx11), in tethering. Stx11 is involved in the killing mechanism (31) , and a recent report shows that Stx11 interacts with Vti1b in macrophages (54) . After the downregulation of Stx11 by siRNA, we found in contrast to Vti1b downregulated CTL no change in tethering in Stx11 downregulated CTL compared with control CTL (Supplemental Fig. 4B ). The downregulation of Stx11 was confirmed at the mRNA and protein level (Supplemental Fig. 4C, 4D) . In summary, our data show that Vti1b is involved in the tethering between LG and CD3-endo.
Next we analyzed the functional implications of Vti1b downregulation by confocal microscopy. In nonsilencing siRNA transfected cells, the typical enrichment of CD3-endo and LG at the IS was observed (Fig. 6A) . In Vti1b-siRNA transfected CTL, however, LG still remained scattered all over the CTL even 30 min after target cell contact, and the number of LG in proximity to the IS was reduced, whereas CD3-endo could still be enriched at the IS similar to control CTL (Fig. 6A, 6B ). However, MTOC and Golgi polarization to the IS (Fig. 6C) and TCR-activated Ca 2+ influx (Fig. 6D, 6E) , which is required for LG secretion (18, 26, 55) , remained unchanged in Vti1b downregulated CTL. These experiments indicate that the signaling downstream of TCR and the general CTL polarization mechanisms during IS formation are normal in Vti1b downregulated CTL. Thus, the reduction of LG accumulation at the IS in Vti1b-siRNA transfected cells is not linked to a general T cell polarization failure or signaling defect but rather to the specific impairment in LG/CD3-endo pairing.
To test the importance of Vti1b in LG accumulation, we quantified the number of LG at the IS with TIRF microscopy in Vti1b-siRNA transfected CTL and nonsilencing siRNA transfected CTL (Fig. 7A) . Similar to the data from fixed cells, we found a drastic reduction of LG numbers at the IS in Vti1b downregulated CTL compared with control CTL (Fig. 7A, 7B ). Consequently, CTL-mediated cytotoxicity was also reduced by Vti1b downregulation (Fig. 7C) . However, when the SNARE protein Stx6 (which is not colocalized with either CD3 or perforin based on unpublished observations by B. Qu, V. Pattu, S.S. Bhat, E.C. Schwarz, J. Rettig, and M. Hoth) was downregulated, CTLmediated cytotoxicity was almost unaffected (Fig. 7D) . The downregulation of Stx6 was confirmed by Western blot (Fig. 7E) . Taken together, these data indicate that Vti1b is important for tethering of LG and CD3-endo, the accumulation, docking, and release of LG at the IS, as well as the consequential CTLmediated cytotoxicity. These data also show that CD3-endo localizes at the IS independently of its juxtaposition to LG, but that LG requires tethering with CD3-endo to accumulate and dock at the IS (Fig. 8 ).
Discussion
Our data show that the tethering/pairing of LG and CD3-endo is required for efficient CTL-mediated target cell killing. The Qb-SNARE protein Vti1b is necessary for tethering between LG and CD3-endo, which explains its role in CTL-mediated cytotoxicity (33) . The close interaction between LG and CD3-endo is required for the accumulation, docking, and secretion of LG at the IS. Vti1b downregulation by RNA interference decreased the probability of tethering between LG and CD3-endo. As a result, LG accumulation, docking, and release at the IS were impaired leading to a reduction in CTL-mediated cytotoxicity.
Griffiths and coworkers (23) have reported that MTOC polarization plays an important role in delivery of LG to the IS. Furthermore, Beal et al. (26) have found that MTOC is essential for the fast pathway to deliver LG to cSMAC. Very recently, Jenkins et al. (25) have shown that efficient MTOC polarization to the cSMAC can be elicited by both strong and weak TCR signals, whereas LG are not accumulated at the IS in case of low TCR signals. Taken together, this indicates that MTOC polarization is required, but not sufficient, for LG reorientation at the IS. We found that MTOC is translocated to the IS but it rarely came in contact with the plasma membrane, indicating that MTOC is not responsible for docking LG at the plasma membrane at the IS, which is the prerequisite for granule release. The CD3-endodependent accumulation of LG reported by us may also facilitate the simultaneous enrichment of LG at two simultaneously formed IS, which has been observed by others (56) and us (Supplemental Fig. 4E ). Enrichment of LG at two simultaneously formed IS require a docking mechanism independent of MTOC relocalization.
TCR clustering and LG accumulation at the IS are two hallmarks of IS formation in CTL. It has been shown that despite MTOC translocation toward the IS in case of weak TCR signals (25, 57) , both TCR enrichment (57) and LG accumulation (25) at the IS are substantially impaired. However, no direct link between TCR enrichment and LG accumulation has been reported before. We found that tethering between LG and CD3-endo is required for increased dwell times and release at the IS. This suggests that tethering with CD3-endo is required to dock LG at the plasma membrane. When TCR are not enriched at the IS after weak TCR signals (57) , LG are also not accumulated at the IS. MTOC LG accumulation is inhibited by Vti1b downregulation, whereas T cell polarization and Ca 2+ signaling are unchanged. A, LG accumulation at the IS was blocked by downregulation of Vti1b.
LG and CD3-endo were stained as in Fig. 5A . CTL were transfected with Vti1b-siRNA or nonsilencing control siRNA. Thirty-six hours after transfection, CTL were used for experiments. The samples were scanned by confocal microscopy. MIP, maximum intensity projection. Scale bars, 3 mm. B, Quantification of accumulation of LG and CD3 at the IS from A. ***p , 0.001. C, Polarization machinery remains unchanged after Vti1b-downregulation. MTOC was labeled with overexpressing g-tubulin-GFP. Golgi was labeled with anti-GM130 Ab. The samples were scanned by epifluorescence deconvolution microscopy. Out of three independent experiments, in 72% of nonsilencing siRNA transfected CTL (n = 25) and 68% of Vti1b-siRNA transfected CTL (n = 19), MTOC and Golgi apparatus were polarized as shown in C. www.jimmunol.org reorientation, however, is not impaired (25) . If the tethering between LG and CD3-endo is disrupted, LG are not polarized toward the IS, despite the normal CD3-endo enrichment (Fig. 6A ). In conclusion, tethering with CD3-endo is necessary for docking and release of LG at the IS. Recently, the concept of organelle tethering has gained much attention since de Brito and Scorrano (58) showed that mitofusin 2 tethers the endoplasmic reticulum to mitochondria, which facilitates efficient mitochondrial Ca 2+ uptake. We screened the literature for images of other potentially tethered organelles and found hints for paired vesicles in macrophages, mouse embryonic fibroblasts, and NRK fibroblast cells (59) (60) (61) . Recently, tetheringlike structures were observed also in NK cells (3).
Ménager et al. (62) reported that the cytotoxic function of CTL required the Munc13-4-mediated cooperation of cytotoxic granules and Rab11-positive endosomal "exocytic vesicles." Their work highlights the Rab11-mediated recycling pathway for the maturation of cytotoxic granules. Our work further verifies that endosomes-in particular, CD3-endo-play a pivotal role in LG release at the IS by tethering with LG and stabilizing them at the IS, thereby enhancing the LG release probability. In Munc13-4-deficient CTL, it is shown that LG are still reoriented to the IS but cannot be released (62) . In Vti1b-downregulated CTL, LG cannot accumulate at the IS because of the impairment in tethering with CD3-endo. These findings suggest that the Vti1b-mediated interaction between LG and CD3-endo is located upstream of Munc13-4.
Whether LG and CD3-endo are localized in two different compartments that are tethered together or contained in different "subcompartments" of a larger organelle cannot be resolved by fluorescence microscopy. Notably, Peters et al. (16) showed more than 20 years ago that endocytosed TCR can be associated with the membranes of LG. They found that CD3 and CD8 can be LG. k 1 is the rate of perforin granule production. k 2 is the rate of formation of paired vesicles. k 3 is the rate of movement of paired vesicles to the IS. k 4 is the rate of single vesicles moving to the IS. k 5 is the reverse rate of k 4 . k 6 is the rate of paired vesicle release. B, The predicted curves according to the model (solid lines) fit the experimental results that were obtained from confocal experiments such as the one shown in Fig. 2B . FIGURE 7. Vti1b-dependent LG/CD3-endo tethering is required for LG accumulation, docking, and CTL-mediated cytotoxicity. A and B, TIRF microscopy analysis after Vti1b downregulation compared with nonsilencing control siRNA. CTL were transfected with Vti1b-siRNA or nonsilencing siRNA and perforin-mCherry constructs. The cells were used for TIRF microscopy 36 h after transfection. Scale bars, 3 mm. B, The quantification analysis of LG accumulation. The TIRF images were acquired every 1 s for 600 s. The numbers of LG shown in the TIRF plane were quantified. Solid circles, nonsilencing control siRNA; open circles, Vti1b-siRNA. C, CTL-mediated cytotoxicity was impaired by downregulation of Vti1b. SEA-specific CTL and SEA-pulsed Raji cells were cocultured for 4 h at various effector/target cell ratios. Each condition was done in triplicate. One representative experiment out of three independent experiments is shown. Error bars show SD. **p , 0.01, ***p , 0.001. D, CTL-mediated cytotoxicity was almost unaffected by Stx6 downregulation. One representative experiment out of three independent experiments is shown. Error bars show SD. E, Downregulation of Stx6 was confirmed by Western blot. associated with the LG membrane but that their localization was distinct from the dense core of the vesicle, which most likely contains perforin. This suggests that TCR can be sorted into the LG but that it is in a subcompartment distinct from perforin. Although we did not find other evidence of a distinct localization of perforin and TCR in subcompartments within a common lytic compartment, our data obtained with confocal microscopy, fast deconvolution microscopy, and TIRF microscopy do not rule out this possibility. It is, however, obvious that perforin and CD3-endo do not colocalize.
An important parameter of the immune response is the speed of target cell killing by CTL because it determines the efficiency of cell killing. Using data sets acquired with confocal microscopy (as shown in Fig. 2) , we modeled vesicle transport using a compartment model as sketched in Fig. 8A and formulated the dynamic changes in the various vesicle pools mathematically. The rate constants obtained from the model predict the numbers of paired and single LG in different areas of the cell (for instance, in the area in proximity to the IS) over time (solid lines in Fig. 8B ). These predictions are in good agreement with the experimental data (squares and circles in Fig. 8B) , indicating that the model is appropriate to fit the data. One important prediction from the model is that 5 min after IS formation, the transport rate constants are accelerated and the rate of LG production is increased to 1 granule per minute (Table 1) . Furthermore, the number of released vesicles increases to a rate of ∼1 granule per minute immediately after IS formation. We conclude that CTL need only a few minutes to secrete LG at the IS, supporting an en passant killing process. In line with this prediction, Purbhoo et al. (63) have shown that a mature IS is not required for cytotoxicity. They found that CTL were able to detect a single foreign Ag, and three peptide-MHC complexes were necessary for killing but 10 were needed for full signaling including a sustained Ca 2+ increase. In summary, we report that the tethering (or pairing) of LG and CD3-endo is required for the enrichment, docking, and release of LG at the IS, which is needed for CTL-dependent target cell killing. Pairing the CD3-endo with LG stabilizes the LG at the IS and enhances the probability of LG release. The SNARE protein Vti1b is necessary for this close interaction between LG and CD3-endo and thus regulates LG accumulation, docking, and release at the IS during target cell killing.
